The tissue distribution and excretion of radioactive digitoxin and its metabolites were studied in normal rats and cats and in rats with dietary induced myocardial lesions. The prolonged cardiac and renal retention of digitoxin and its derivatives, associated with the persistence of these substances in the excreta of sensitive animals, supports the concept of storage as an explanation for the cumulative action of certain of the cardiac glycosides. There is a suggestive increase in digitoxin metabolism in heart failure.
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R ECENT publications'-3 from this department have demonstrated the feasibility of studying the fate of Cl4-labeled digitoxin in the experimental animal. The extreme sensitivity of this tracer technic permits the use of sublethal doses and offers, in addition, the advantage of accurate evaluation of the derivatives of digitoxin metabolism in samples of tissue or excreta. Previous preliminary studies2 suggested that the unaltered glycoside and its metabolites quickly appeared in body organs and the excreta following the parenteral administration of the radioactive drug. The rapidity with which the intermediary metabolism and excretion occurred was interpreted as casting doubt on the conventional storage theory of cumulative action. On the other hand the authors3 have recently shown that the isolated hearts of various animals differ in their ability to fix radioactive digitoxin and its metabolites and to maintain this fixation during washing. Other investigators, making use of biologic technics, have noted similar phenomena but were handicapped by either the From Having established the ability of the isotope technic to encompass both the problems of sensitivity and metabolites in biologic media, it was decided to extend the investigation of the fate of digitoxin in the intact animal. For this purpose we chose a very resistant animal, the rat, and a relatively sensitive animal, the cat. Included in this study were rats with myocardial lesions, it being our belief that further information might be gained from a similar investigation in such preparations.
METHODS
Sixteen animals were used in these experiments: (1) four normal rats with an average weight of 340 Gm., (2) four normal cats each weighing about 2.5 Kg., and (3) eight rats with a syndrome resembling congestive heart failure weighing approximately 160 Gm. each. Myocardial lesions characteristic of potassium deficiency were induced in the latter animals by Dr. Paul Cannon and associates of the Department of Pathology using a method recently described by them.4 In this method, albino rats are fed a protein-deficient diet for approximately two and one-half to three months, followed by a diet adequate in amino acids, calories and in all electrolytes except potassium. After about two weeks on the latter regime, the animals develop myocardial lesions and shortly thereafter exhibit signs suggestive of congestive heart failure, including cardiac dilatation, pulmonary edema and passive congestion of the liver. Death supervenes shortly if the deficient diet is continued. Three of the eight rats in Circulation, Volume Figure 1 is a graphic presentation of the daily excretion of carbon-14-containing substances after the intravenous administration of radioactive digitoxin. The total carbon-14 values were calculated from direct counts on stool homogenate and urine, while the figures for digitoxin excretion represent extraction values. Total carbon-14 is equal to the sum of digitoxin and its metabolic derivatives. Both the cat and rat rapidly eliminated digitoxin and metabolites but the rat seemed to do so more quickly. The rat excreted about 75 per cent of the total injected dose within two days, while a similar amount was recovered only after three to four days from the cat. Although excretion was virtually complete after seven days, small amounts of these substances could still be detected in the urine and feces of both animals. The excretion rate of unchanged digitoxin followed the same general pattern. The results of similar experiments on potassium-protein deficient rats with a syndrome resembling congestive heart failure are given in figure 2. These results show that there is no striking deviation from the normal.
RESULTS
Excretory data on one rat, one cat, and the average of two deficient rats is shown in . p r . magnitudes of urinary and fecal excretion. In the cat, the total seven day excretion was about equally divided between urine and feces. However, in rats the predominant excretion was by the intestinal route, being 70 and 88 per cent of the total for normal and deficient rats, respectively. The results of the distribution studies are shown in tables 2, 3 and 4. Since five times as much tissue was extracted as was counted directly, it is not surprising that in some cases digitoxin was recovered where no significant activity was detectable in the direct counts (digitoxin plus metabolites). The studies on normal rats show that within one hour, 8.3 gg. of the injected material was concentrated in the liver, and 3.6 gg. had already passed into the small intestine where only 12 per cent was found to be digitoxin. The concentration of digitoxin in the heart and kidney was about twice that in skeletal muscle, while the concentration in the liver was 15 times as great. After six hours there was a decided increase in the radioactivity of the small intestine and cont nts while the colon now contained 11. 2 ug., 34 per cent of which was digitoxin. This excretion in the intestinal tract was accompanied by a marked fall in tissue levels other than the liver. In 24 hours, about 21 Mg. was still present in the animal, but except for 0.35 cu. of metabolites found in the lungs, all of the drug was concentrated in the liver and intestinal tract. The total radioactivity in the liver had fallen to 3.2 Mg. and the digitoxin percentage had dropped to 10 per cent. It should be noted that in passage down the intestinal tract the percentage of digitoxin had increased significantly, the percentage for colon being consistently higher than for small intestine, suggesting the excretion of digitoxin by the colon. After seven days, the only activity in the rat was a trace of digitoxin in the colon.
The cats, which received only one-third as much digitoxin on a weight basis as the rats, showed marked and prolonged concentration of the drug in the heart and kidney, in addition to the hepatointestinal pattern seen in the rat.
Radioactivity amounting to 5.2 Mg. was recovered from the kidney after one hour, 3.2 gg. after 24 hours, 2.83 Mg. after three days and 0.62 Mg. after one week. The percentage of digitoxin in the kidney was also remarkably high. The concentration of radioactivity in the heart (0.27 Mg. per Gm.) at one hour was exceeded only by that in the kidney (0.39 pg.
per Gm.) and was at least 20 times as great as skeletal muscle. The cardiac digitoxin percentage at one hour and 24 hours (26 per cent and 10 per cent) in contrast to the much higher percentage in the kidney suggests a retention of digitoxin by the kidney and a production and utilization of metabolites by the heart. Another striking finding was the very large amount of radioactivity in the bile, its persistence there, and its low digitoxin percentage. Direct comparison with the rat is not possible because of the absence of a gall bladder in this animal. After seven days, the only measurable radioactivity in the cat was digitoxin in the kidney and metabolites in the bile.
Deficient rats displayed only minor differences from normal rats. At one hour the heart seemed to show an increased affinity for the drug with a concentration five times that of skeletal muscle, but no measurable amount remained after six hours. Radioactivity persisted in the kidneys (0.38 Mg.) for at least six hours, but in marked contrast to the cat, only 16 per cent was digitoxin. Metabolites were again found in the lungs after 24 hours. As in normal rats and cats, the digitoxin percentage increased during passage through the intestine. ence of metabolic derivatives in the urine. The importance of this observation is emphasized by the fact that although unaltered digitoxin is found in the urine to the extent of only 5 per cent on any given day, the total derivatives constitute over three times this amount. Evaluation of digitoxin and its metabolites in the feces of experimental animals has not been achieved using the chemical and biologic methods hitherto available. With the isotope technic, findings analogous to the urine results were obtained. If both urine and feces are considered, the total excretion represents 20 to 40 per cent of the administered dose on the first day with decreasing amounts thereafter. While the concept of slow excretion of digitoxin as such was a valid one, its quantitative aspects were therefore either erroneous or misleading, since no estimations of the metabolic derivatives were given. Measuring the tissue distribution of digitoxin in the intact animal presented even greater difficulties to previous workers. The employment of huge and sometimes lethal doses gave variable results but the early conclusions of Hatcher indicated no predilection for any particular organ. Later, Hatcher and Eggleston indirectly demonstrated that the liver was an organ of digitoxin destruction. The major role played by the liver in digitoxin metabolism in both the rat and cat has been clearly indicated by our own and previous studies from this department using the labeled glycoside.
DISCUSSION
A major difference between the two species of animals was the persistence of digitoxin and its metabolites in the cat heart and the absence of significant fixation in the rat heart. Although this same problem of digitoxin binding by heart muscle was dealt with in previous reports on isolated hearts by Sjoerdsma and Fischer,3 and by Geiling,10 the present studies on intact animals are in complete agreement with these experiments, and strengthen the hypothesis that persistent cardiac action is due at least in part to the presence of small amounts of the drug and its metabolites in the hearts of sensitive animals. Our finding and those of Bine and his co-workers11 that the rat heart has little or no ability to metabolize digitoxin or retain its derivatives supports our belief that unchanged digitoxin is a requisite for the cardiotonic effect, and in acting is metabolized and detoxified into derivatives which are both water soluble and relatively inactive.
Another marked difference between the cat and the rat was the prolonged appearance of a high concentration of digitoxin in the kidney of the cat, whereas little or none was found in this organ of the rat. This finding has greater significance if it is recalled that the urine of the cat showed very little digitoxin but a high concentration of metabolites. The conclusion is that the kidney of the cat, and perhaps other sensitive animals as well, selectively excretes metabolites and retains the unchanged drug. This constitutes an economy of digitoxin for the animal and, although occurring in the presence of rapid excretion, is evidence in support of a storage theory of cumulative action and further supports the conclusion that unchanged digitoxin is essential for the cardiac effect.
Although there is a probable tissue increase in metabolites and a distinctly higher concentration of digitoxin derivatives in the urine of the deficient animals, the differences between them and normal animals do not justify any final judgment as to the action of digitoxin in heart failure. We are suggesting, however, that there may be an increased digitoxin metabolism and utilization in animals with congestive heart failure.
SUMMARY
The tissue distribution and excretion of radioactive digitoxin and its metabolites were studied in normal rats and cats, and in rats with dietary-induced myocardial lesions. Digitoxin was reisolated from tissue and excreta by isotope dilution and selective adsorption onto alumina with ethanol and chloroform solutions, while metabolites were evaluated by direct counts of the samples.
Digitoxin is largely metabolized in the animal and is excreted chiefly as its metabolic derivatives in the normal rat and to a somewhat greater extent in the normal cat and in rats with a syndrome resembling congestive heart failure. The metabolites are predominantly water soluble, appearing in both urine and feces in this form. -It,
The prolonged fixation of digitoxin and its metabolites in the heart of the cat associated with the appearance of high concentrations of metabolites in the excreta suggests that unchanged glycoside may be responsible for the cardiotonic effect and that the cumulative action of digitoxin is due to the persistence of the drug and/or its derivatives in the tissues.
There is a suggestion of an increase in digitoxin metabolites in the tissues and excreta of animals with myocardial lesions and certain of the elements of congestive heart failure.
